The conventional Poincaré plot for heart rate variability (HRV) analysis is a scatterplot of successive (lag 1) pairs of RR intervals (intervals between heartbeats), and its width (SD1) is considered a measure of short-term variability. It has been shown that SD1 correlates better with HF than with LF (high-and low-frequency bands of the spectrum respectively). Our aim was to assess how these correlations were affected when SD1 was obtained for longer lags. 10 min ECGs were used to construct Poincaré plots with lags of 1-10 heartbeats in two groups of subjects, one with normal HRV and the other with impaired HRV (control and diabetic groups respectively, N = 15 each). SD1 was quantified for these subjects and HRV spectral indices were estimated. The diabetic group had lower LF, HF and SD1 than the control group (p < 0.05). In both groups, SD1 tended to increase as the lag increased. In the control group, SD1 for lags 1 and 2 was highly correlated with HF (r s > 0.9), while SD1 for lags 4 correlated better with LF (r s 0.9) than with HF (0.65 r s 0.73). However, in the diabetic group, the correlation results did not change in that way for different lags (correlation results between HF and SD1: r s 0.95 for lags 1-10). In conclusion, the comparative strength of the correlations between lagged Poincaré widths and spectral indices might be useful to distinguish normal from pathological HRV.
Introduction
Heart rate variability (HRV) analysis seeks mainly to assess autonomic function from fluctuations in the intervals between heartbeats (RR intervals). Spectral analysis of RR interval time series allows us to distinguish rapid from slow heart rate oscillations that correspond respectively to the high-(HF, 0.15-0.40 Hz) and low-(LF, 0.04-0.15 Hz) frequency bands of the spectrum (Task Force of the ESC and the NASPE 1996). HF band has its peak coinciding with the respiratory frequency. Traditionally, the parasympathetic nervous system has been thought to mediate heart rate fluctuations at frequencies corresponding to the HF band of the power spectrum (Akselrod et al 1981 , Tulppo et al 1996 . Recently, however, Stein et al (2005) have speculated that sometimes increased normalized HF power can also represent non-respiratory sinus arrhythmia and increased beat-to-beat randomness under certain conditions, for example, in post-miocardial infarction patients. LF is associated with vasomotor oscillations, and it has been suggested that it reflects both parasympathetic and sympathetic modulations of heart rate (Akselrod et al 1981) .
Since the dynamics of the cardiac system are nonlinear, nonlinear methods have been applied to the analysis of HRV (Goldstein and Buchman 1998) . One of these techniques is the Poincaré or Lorenz plot (Denton et al 1990) , a scatterplot of each RR interval as a function of the preceding one. This technique was first used as a qualitative tool (Woo et al 1992) and later, the quantification of the Poincaré plot geometry was proposed. Specifically, Tulppo et al (1996) fit an ellipse to the shape of the Poincaré plot in order to calculate HRV indices, for example, the standard deviation of instantaneous beat-to-beat RR interval variability or SD1.
However, Brennan et al (2001) claimed that this kind of Poincaré plot indices are related to standard time-domain HRV measures. They demonstrate that SD1, which measures the width of the Poincaré plot and therefore indicates the level of short-term variability, is a linear scaling of the linear statistical time-domain index SDSD (standard deviation of the successive differences of the RR intervals). Accordingly, these authors feel that while the Poincaré plot is capable of representing time domain summary statistics graphically, its most potent abilities are being ignored (Brennan et al 2001) .
A number of variations have been proposed, in order to optimize the use of the Poincaré plot as a quantitative tool (Hnatkova et al 1995 , Moraes et al 2000 , Sosnowski et al 2005 . One of these is the lagged Poincaré plot. The conventional plot has two dimensions and a lag of 1 interval, i.e., each point on the plot consists of a pair of successive intervals ([RR i , RR i+1 ]). However, Lerma et al (2003) Thakre and Smith (2006) used lags from 1 to 10 for HRV analysis in patients with chronic heart failure.
Using a model, Brennan et al (2002) established that the length and width of a Poincaré plot (lag 1) are a weighted combination of LF and HF, thus, providing a theoretical link between frequency domain spectral analysis and time-domain Poincaré plot analysis. These authors showed that the Poincaré plot width correlated better with HF power than with LF power.
The aim of the present study was to assess how the above-mentioned correlations between SD1 and spectral indices are affected when SD1 is calculated with different lags. Specifically, we hypothesized that the high correlation between SD1 and HF power (Brennan et al 2002) should decrease as the lag increases. We applied our hypothesis to two groups of subjects with different HRV, a normal HRV group of healthy volunteers and an impaired HRV group consisting of type 1 diabetic patients. To this end we constructed Poincaré plots with ten different lags (1-10), based on 10 min ECGs, and calculated SD1 for each lag. We also estimated the spectral HRV indices, HF and LF, and correlated these with lagged SD1.
Methods
In carrying our research, we used the data set of a previous study (Migliaro et al 2003) , which involved subjects with normal and impaired HRV. The data set consists of 15 type 1 diabetic patients (with a history of diabetes extending over 20 years) and 15 healthy volunteers within the same age range (diabetic and control groups respectively). Our study conforms to the principles outlined in the Declaration of Helsinki. All subjects gave their consent. The healthy volunteers were non-smokers, did not suffer from obesity (body mass index 30) and were not taking any medication. Diabetic patients were allowed to take their usual medication. The most common drugs apart from insulin (15/15) were enalapril (6/15) and amiodarone (3/15). Three diabetic patients had only insulin. Medication for each diabetic patient is specified in an extra table available in the electronic version of this paper. All subjects were instructed to avoid caffeine, alcohol and heavy exercise the day before the study. All tests started between 4 and 6 PM, after at least 4 h of fasting. The subjects relaxed during 20 min before a 10 min recording period in supine position.
Electrocardiogram (ECG) recording and HRV measurement
Details about these ECG recordings have already been published (Migliaro et al 2003) . To summarize briefly, electrodes were placed on the chest surface to obtain a bipolar lead (Fukuda FJC-7110 electrocardiograph). The ECG signal was fed into a computer by means of an A/D converter. The sampling rate was 500 Hz. We analyzed the whole 10 min recording. The ECG signal was prefiltered through a Butterworth fourth-order band-pass filter with 0.3-25 Hz passband. Automatic detection recognized the occurrence of an R wave, combining filtered ECG level and slope.
The R wave detections were visually inspected together with the ECG to confirm that only sinusal beats had been detected. Detection of noise or extrasystoles was corrected as well as the lack of detection of a sinusal R wave but the number of corrections was <10% of the total number of intervals. Then, RR intervals (in fact, NN intervals, i.e., normal-to-normal intervals) were measured automatically. Acquisition and off-line processing were done using software written in Labview R and Matlab R . For this work we estimated two indices in the frequency domain, HF and LF, which are defined in table 1 (Migliaro et al 2003) . For the frequency-domain analysis of the RR time series, the sequences were interpolated with a cubic spline, uniformly resampled (sampling frequency = 4 Hz) and detrended. The power spectral density of this signal was estimated using the Welch method, dividing the data into non-overlapping intervals of length 512 samples, windowed with a Hanning window (Migliaro et al 2003) .
Poincaré plot indices.
The most common Poincaré plot for HRV analysis is a scatterplot of each RR interval against the previous RR interval i.e., it has two dimensions and a lag of 1 interval. In addition to this conventional Poincaré plot, our software constructs plots with any chosen lag. We used lags of 1-10 because it has been reported that any given RR interval can influence up to eight subsequent RR intervals, possibly as a consequence of respiratory sinus arrhythmia (Thakre and Smith 2006, Lerma et al 2003) . Also, our Matlab R routine calculates the Poincaré plot indices for each lag. However, for the purpose of this paper only SD1 was used (see table 1 for definition (Brennan et al 2001) ). SD1 was not measured from the Poincaré plot but calculated according to the formula: SD1 = SDSD/square root 2 (Brennan et al 2001) . However, instead of using SDSD (standard deviation of successive differences), we used SDLD (standard deviation of lagged differences, Thakre and Smith 2006) , so as to obtain SD1 for lags 1-10. When SD1 was obtained for lags different from 1 interval, the corresponding lag appears as a subindex (e.g.: SD1 10 refers to the SD1 for lag 10). Although the Poincaré plot was not necessary to calculate SD1, it allowed us to perceive this index in a visual manner and also to confirm that the manual inspection of the R wave detections had been correct.
Statistical analysis
Statistical analysis was performed using Graphpad Instat R . A two-tailed P value <0.05 was considered significant in all analysis. Comparisons between the diabetic and control groups were done using the Mann-Whitney test except for comparison by gender composition (Fisher's exact test). Comparisons within each group were done by means of the Friedman test (non-parametric repeated measures ANOVA). Spearman correlation coefficients (r s ) between frequency-domain HRV indices and lagged SD1 were calculated within each group.
Results

Comparisons between the diabetic and control groups
As shown in our previous study, although the diabetic and control groups had similar gender composition, age and heart rate, the diabetic group had reduced HRV compared to the control group (table 2) . Frequency domain indices, as well as SD1, obtained from the Poincaré plot were significantly lower in the diabetic group. . Poincaré plots (lag 1) for a diabetic subject (a) and a control subject (b). SD1 is 4.6 ms for the diabetic subject and 10.5 ms for the control subject. SD1: a measure of the width of the Poincaré plot.
(a) (b) Figure 2 . Poincaré plots (lag 10) for the same diabetic subject (a) and the same control subject (b) as in figure 1. SD1 10 was 11.7 ms for the diabetic subject and 31.9 ms for the control subject. SD1 10 : a measure of the width of the Poincaré plot constructed with a lag of 10 intervals. Figure 1 shows the Poincaré plots (lag 1) of one female subject from the diabetic group and one male subject from the control group. These examples were chosen by virtue of same heart rate (81 bpm) and similar age (59 and 55 years respectively). Neither represents the extreme values of their corresponding groups.
Poincaré plots with different lags
For purpose of comparison, figure 2 shows the Poincaré plots with lag 10 for the same diabetic subject and the same control subject as in figure 1. Note that the shape of the plots becomes more circular. Figure 3 shows the influence of different lags on SD1 within each group. SD1 increases as the lag increases in both groups (p < 0.0001, Friedman test). Figure 3 also shows that SD1 is significantly lower for all lags in the diabetic group than in the control group (Mann-Whitney test). The relative changes of SD1 with increasing lags (taking as the reference SD1 for lag 1) were also significantly lower in the diabetic group than in the control group for lags 2, 3 and 4 (not shown). Table 3 shows the Spearman correlation coefficients (r s ) between frequency-domain HRV indices and SD1 within each group. As expected, in the control group SD1 correlated highly with HF and to a lesser, yet significant, degree with LF. Comparable results were found in the diabetic group. Figure 4 shows the Spearman correlation coefficients (r s ) between frequency-domain HRV indices and SD1 calculated from Poincaré plots with lags 1-10 within the control group. Although all the correlations are significant, the high correlation between HF and SD1 diminishes as the lag increases. The opposite is true for the correlation between SD1 and LF, which improves for longer lags. For lags 4, SD1 correlates better with LF than with HF. and HF, and solid squares represent the r s values between SD1 and LF. P values for each r s are not given but they were <0.05 in all cases. SD1: a measure of the width of the Poincaré plot, HF: high-frequency power (the energy in the heart period power spectrum between 0.15 and 0.4 Hz), LF: Low frequency power (the energy in the heart period power spectrum between 0.04 and 0.15 Hz).
Correlations between frequency domain indices and SD1
However, these changes of r s values as a function of the lag were found only in the control group. As figure 5 shows, in the diabetic group, SD1 has a very good correlation with HF and with LF for all lags from 1 to 10.
In summary, in our control group, correlations between SD1 and HRV spectral indices change depending on the lag. For lags <3, SD1 correlates very well only with HF. At a lag of 3, SD1 correlates very well with LF and HF. For lags >3 (4-10), SD1 correlates very well only with LF (figure 4). However, in the diabetic group, correlations between SD1 and spectral indices do not change as much; and SD1 correlates very well with HF and also with LF for lags 1-10 (figure 5).
Discussion
Our finding is that in our healthy group, the Poincaré plot width (SD1) is mainly related to rapid modulations of heart rate only when calculated from Poincaré plots constructed for lag 1 or 2. For lags >3 intervals (4-10), SD1 is mostly related to slow influences on heart rate. However, in our diabetic group, SD1 association with HF and LF does not change as in the control group for all the different lags analyzed (1-10).
Given that both our groups were comparable in age and heart rate (two major determinants of HRV (Tsuji et al 1996) ), impaired HRV in our diabetic subjects can be ascribed to their illness (Javorka et al 2005) . After 20 years, they might suffer from diabetic autonomic neuropathy although they did not show clinical symptoms of it at the time of this study (Vinik et al 2003) .
In both groups SD1 increased as the lag increased (figure 3). Note the different shape of the Poincaré plot for different lags, with cigar-shaped plots for lag 1 (figure 1) and round clouds of points for lag 10 (figure 2). This change was expected, since when intervals are plotted against immediately preceding intervals (lag 1), the correlation between these will be higher than if they were more widely separated. Cigar-shaped plots are typical of high correlation, whereas round clouds of points are typical of lack of correlation (Kaplan and Glass 1995, Otzenberger et al 1998) . Additionally, for all lags, SD1 was significantly lower in the diabetic group than in the control group (figure 3). SD1 for lag 1 was very well correlated with HF in both groups (table 3) , as expected from the work of Brennan et al (2001 Brennan et al ( , 2002 confirming that SD1 is a measure of short-term HRV. Kamen et al (1996) suggested that the Poincaré plot width might reflect parasympathetic nervous system activity. One of their results showed that the Poincaré plot width from shortterm ECG recordings was reduced during the administration of atropine to healthy volunteers (parasympathetic nervous system activity withdrawal).
The correlations of SD1 in the control group varied markedly depending on the lag. For example, while SD1 correlated very well with HF and only well with LF, SD1 4 correlated very well with LF and only well with HF (figure 4).
As stated above, SD1 measures short-term HRV. In fact, on a lag 1 Poincaré plot, SD1 measures the variability from one heartbeat to the next (Brennan et al 2001) . However, when we consider SD1 from Poincaré plots with longer lags, the term of the variability is extended, from one heartbeat to another separated from it by many beats. The longer the distance between these beats, the higher the mean time interval between the Poincaré plot points which are being summarized by SD1. Therefore, it is expected to find an increasing correlation between SD1 and LF for higher lags as we found in the control group. Indeed, according to Brennan et al (2001) , the set of lagged Poincaré plots are a complete description of the power spectrum of the RR intervals.
Our results in the control group show that SD1 for lags <3 has better correlations with HF while SD1 for lags >3 (4-10) has better correlations with LF. At a lag of 3, SD1 correlates as well with HF as with LF. Note that a lag of three intervals is the limit only for this specific group of healthy subjects. A group with a slower mean heart rate, for example, might place the limit in a bigger lag.
The fact that correlations between spectral indices and SD1 for lags 1-10 did not change in the diabetic group (figure 5) might be a consequence of diabetic autonomic neuropathy. In control subjects, the reduction of the correlations between HF and SD1 for lags >3 is probably related to a reduction of the influence of respiration on SD1. On the other hand, in diabetic patients, the low respiratory modulation might explain that the relationship between SD1 and HF remains strong no matter the lag.
This difference between the diabetic and control groups cannot be ascribed to different heart rates, since as earlier stated, both groups are similar in this respect, nor can it be ascribed to medical treatment since most drugs used by our diabetic subjects (enalapril, amiodarone, etc) are reported to increase heart rate variability. However, it is a limitation of our study that medical treatment was not uniform for all the patients in the diabetic group.
In conclusion, the comparative strength of the correlations between lagged Poincaré widths and spectral indices might be useful to distinguish normal from pathological HRV. However, our results need to be validated by a representative number of subjects. Additionally, other studies, including pharmacological and physiological interventions that affect the autonomic nervous system could be used to test hypotheses that may explain our findings.
